Blacklegged ticks (Ixodes scapularis Say, Acari: Ixodidae) are the most commonly encountered and medically relevant tick species in New York State (NY) and have exhibited recent geographic range expansion. Forests and adjacent habitat are important determinants of I. scapularis density and may influence tick-borne pathogen prevalence. We examined how percent forest cover, dominant land cover type, and habitat type influenced I. scapularis nymph and adult density, and associated tick-borne pathogen prevalence, in an inland Lyme-emergent region of NY. I. scapularis nymphs and adults were collected from edge and wooded habitats using tick drags at 16 sites in Onondaga County, NY in 2015 and 2016. A subsample of ticks from each site was tested for the presence of Borrelia burgdorferi, Borrelia miyamotoi, Anaplasma phagocytophilum, and Babesia microti using a novel multiplex real-time polymerase chain reaction (PCR) assay, and deer tick virus using reverse transcription-PCR. Habitat type (wooded versus edge) was an important determinant of tick density; however, percent forest cover had little effect. B. burgdorferi was the most commonly detected pathogen and was present in ticks from all sites. Ba. microti and deer tick virus were not detected. Habitat type and dominant land cover type were not significantly related to B. burgdorferi presence or prevalence; however, ticks infected with A. phagocytophilum and B. miyamotoi were collected more often in urban environments. Similarity between B. burgdorferi prevalence in Onondaga County and hyperendemic areas of southeastern NY indicates a more rapid emergence than expected in a relatively naive region. Possible mechanistic processes underlying these observations are discussed.
[NYSDOH] 2015). These areas are often characterized by suburban residential areas closely associated with high risk, wooded habitat known to support I. scapularis Fish 1988, Maupin et al. 1991) . While southeastern NY continues to be considered a hyperendemic region for tick-borne illnesses such as LD, case reports have recently begun to increase in other regions of the state (Chen et al. 2005) . Onondaga County, located in Central NY, has recorded more than a 10-fold increase in reported LD cases in the last decade (NYSDOH 2005 (NYSDOH , 2015 . Tick geographic range expansion and an accompanying rise in tick-borne disease cases in historically low-risk areas prompt the need for further research in such inland Lyme-emergent regions, to understand how the vector and associated pathogens behave in areas more recently colonized by ticks and tick-borne pathogens.
Landscape features play an important role in arthropod-borne disease dynamics (Reisen 2010) . Habitat types are recognized as an important determinant of tick establishment and population density (Maupin et al. 1991 , Frank et al. 1998 , as I. scapularis is susceptible to desiccation and limited to humid environments near a vegetative canopy Smith 1998, 2002) . Tick habitat suitability is further complicated by the need for these humid environments to overlap habitat also suitable for host species (e.g., white-footed mouse, Peromyscus leucopus Rafinesque [Rodentia: Cricetidae], and whitetailed deer, Odocoileus virginianus Zimmermann [Artiodactyla: Cervidae]). A mixture of forested and developed land creates patchy mosaics with varying capacities to support ticks and their hosts. Identification of particular landscape features important to I. scapularis survival and reproduction remains a challenge because I. scapularis is capable of parasitizing a wide range of vertebrates Magnarelli 1984, Keirans et al. 1996) , which have their own potentially different associations with the landscape. Most studies investigating how environmental factors contribute to tick populations and tick-borne pathogen prevalence have focused on either broad-scale landscape features (apparent at 100-1,000s of meters; Brownstein et al. 2005 , Jackson 2006 ) or small-scale landscape features (apparent at 10s of meters; Maupin et al. 1991 , Frank et al. 1998 , Horobik et al. 2007 , with few attempts at bringing the two spatial scales together.
The relationship between small-scale landscape features and I. scapularis density is reasonably well documented. Studies focusing on small-scale landscape features have noted significant variation in tick populations based on habitat types at the property or site level. Early ecological studies found that wooded and edge habitat support greater tick numbers than maintained lawns and ornamental plantings in suburban environments (Maupin et al. 1991 , Frank et al. 1998 ). Studies investigating other habitats, such as open fields, have yielded similar results, documenting higher I. scapularis densities in forests, in comparison to adjacent field environments (Ostfeld et al. 1995 , Horobik et al. 2007 . However, such studies have typically made replicate observations on adjacent properties or sites in the same neighborhood, such that broader-scale landscape patterns were relatively homogenous across the study area. These studies of small-scale features do little to capture the possible influence of larger landscape patterns. For instance, while greater tick density may be found in forested areas, does it matter if the forest is a small woodlot covering a hectare, or part of a larger forest covering hundreds of hectares?
Broad-scale studies have focused on determining how composition and arrangement of relatively large-scale landscape features (e.g., percent forest cover, forest fragmentation, percent herbaceous cover) influence tick and tick-borne pathogen dynamics (Allan et al. 2003 , Wilder and Meikle 2004 , Brownstein et al. 2005 , Jackson 2006 , Ogden et al. 2008 , Li et al. 2012 ). These features influence host species composition, distribution, and abundance, which has corresponding effects on tick density, distribution, and infection prevalence (Wilson et al. 1985 , Ostfeld et al. 1995 , LoGiudice et al. 2003 . Landscape configuration (e.g., fragmentation indices; Allan et al. 2003 , Brownstein et al. 2005 ) and composition (e.g., soil or forest type; Dister et al. 1997 , Guerra 2002 , Ogden et al. 2006 ) have been identified as important predictors of tick density and infection prevalence. Despite the extensive investigation of broad-scale landscape features, however, few studies have considered them simultaneously with small-scale features. Thus, a primary goal of this investigation is to examine the interacting effect of small and broad-scale landscape features on tick populations and pathogen prevalence.
In this study, the small-scale landscape features entail 'wooded' versus 'edge' habitat while the broad-scale landscape features entail urban versus rural land use and percent forest cover within 100, 400, and 1,000 m of sampling locations. Although nymphs are considered most relevant to human disease risk (Piesman et al. 1987) , adult ticks were also given consideration, as adult presence and density have implications for the reproductive capacity of resident tick populations and, consequently, the distribution and prevalence of etiological agents.
A better understanding of the combined influence of broad-and small-scale landscape features on tick populations and pathogen prevalence may be particularly valuable in Lyme-emergent regions where focused tick control and management strategies may be more effective than in long endemic regions. For the purpose of this study, 'Lymeemergent areas' were defined as geographic regions that have experienced recent increases in tick populations and reported LD cases, as documented by standardized statewide host-seeking tick surveillance conducted by the NYSDOH (Prusinski et al. 2014 ) and human LD case surveillance data reported to the NYSDOH by medical providers and electronic laboratory reporting systems. Therefore, the overall focus of this study is to identify how landscape features influence adult and nymphal I. scapularis density and prevalence of associated human pathogens in Onondaga County, NY, currently considered an inland, Lyme-emergent region (P. B. Backenson, personal communication).
Methods

Study Area
Onondaga County (43°02′49″N, 76°08′40″W) is located in Central NY ( Fig. 1 ) and has a heterogeneous landscape consisting of urban, suburban, and rural land cover. Twelve sites were selected in 2015 and 4 additional sites (16 total) in 2016 for tick sampling. Sites represented state, county, or city parks, and privately owned land used for recreational purposes. Site selection was based on dominant surrounding land cover and the presence of adequate wooded and edge habitat, representing local habitats of interest. All sampling was performed in deciduous northern hardwood or mixed forests dominated by maples (Acer spp. (Healy et al. 1976 ), white-tailed deer (Main et al. 1981) , and many common bird species, e.g., American robins (Turdus migratorius Linnaeus [Passeriformes: Turdidae]; Ginsberg et al. 2005) .
Sites were chosen to reflect a landscape cover gradient ranging from urban to rural to investigate a spectrum of forest cover from small urban forest patches to contiguous rural forests. This urban to rural gradient permitted analysis of tick distribution and density extending beyond typical homogenous suburban environments commonly targeted in previous studies conducted in southeastern NY (Maupin et al. 1991 , Frank et al. 1998 ). Small-scale landscape features were characterized as 'edge' and 'wooded' habitat. Wooded habitat consisted of areas with leaf litter and nearly complete tree canopy coverage located at least 10 m interior from the forest edge, while edge habitat was defined as the ecotone between woods and maintained lawn such that an investigator stood in lawn space extending the drag into herbaceous plants, long grasses, and shrubs along the forest's edge. Edge and wooded habitats were characterized on-site.
Tick Sampling
Tick sampling was conducted during two to three visits to each site from 15 May to 8 August 2015 and 31 May to 12 July 2016 for nymphs, and twice at each site from 1 October to 11 December 2015 and 18 October to 18 November 2016 for adults. Number of site visits was dictated by how many ticks were collected to obtain a minimum number required for pathogen testing (see below). Tick drags were used to collect both developmental stages. Drags consisted of a 1 m 2 piece of white flannel cloth with seams along two opposing edges. One seam accommodated a PVC pipe (2.54 cm diameter) frame, and the second housed a segment of steel chain secured on each side with a safety pin. Two approximately 250 m sampling transects were established in edge and wooded habitat at each site, resulting in approximately 1 km 2 being sampled per visit. Dragging protocols followed those used by Prusinski et al. (2014) . Briefly, average distance travelled in 20 steps was calculated for each field technician prior to sampling by 10 repeated mock drags. Tick drags were pulled at ground level through leaf litter and over brush up to 1 m in height, stopping every 20 steps to count and collect attached ticks. This sampling methodology allowed for easy calculation of estimated sampling area (number of 20-step intervals × mean distance travelled in 20 steps). Ticks were placed in 1.5 ml snap-cap microcentrifuge tubes containing 100% ethanol in the field and stored at −20°C upon return to the laboratory. Tick collection was only conducted at temperatures ≥4°C (Duffy and Campbell 1994, Clark 1995) , wind speeds <10 mph, and when leaf litter and vegetation were not damp, to avoid potential bias caused by tick inactivity. Air temperature, relative humidity, and wildlife observations were taken along each transect. Temperature and humidity data were collected using a Durac digital thermometer/ hygrometer (Bel-Art -SP Scienceware, South Wayne, NJ) placed at ground level.
Ticks were identified to species Clifford 1978, Durden and using a Leica Model BME compound microscope (Leica Microsystems Inc., Buffalo, NY) and sorted by site, collection date, developmental stage, sex, and habitat from which they were collected. Ticks were then placed in 1.5 ml screwcap vials (USA Scientific, Ocala, FL) containing 100% ethanol and stored at −20°C until transport on cold packs via insulated cooler to the NYSDOH for pathogen testing. Ticks with broken appendages or pierced idiosoma were stored individually in separate tubes following identification, and forceps used for handling damaged ticks were cleansed with DNA Away (Molecular Bioproducts Inc., San Diego, CA), to avoid cross-contamination.
Tick-Borne Pathogen Screening
A maximum of 50 I. scapularis from each site and sampling season were individually subjected to quadplex real-time polymerase chain reaction (PCR) to determine the prevalence of B. burgdorferi, Ba. microti, A. phagocytophilum, and B. miyamotoi at both site and habitat levels. Equal numbers of ticks from each habitat were screened for pathogens when possible. Additional ticks from sites yielding >50 I. scapularis nymphs or adults per sampling season were placed into pools of up to 10 ticks by site, date, and developmental stage, and simultaneously tested for DTV by reverse transcription-PCR (RT-PCR) as described below.
Nucleic Acid Extraction
Individual ticks were processed for DNA extraction following protocols outlined in Prusinski et al. (2014) . Briefly, each tick was double rinsed with nuclease-free distilled water and placed in a 2 ml round-bottomed Safe-Lock tube (Eppendorf, North America, Inc., Hauppauge, NY) containing two 4 mm stainless steel grinding beads (SPEX SamplePrep, Metuchen, NJ) and 205 µl of phosphate-buffered saline (PBS, pH 7.2). Samples were ground using an electric tissue homogenizer (MM 300, Retsch, Newtown, PA) for 6 min at 20 Hz, flipping tube racks after 3 min to ensure even homogenization. Homogenized samples were centrifugated at 13,000 rpm for 2 min. We extracted DNA from 200 µl of the resultant supernatant using the automated QIAcube HT system (Qiagen, Valencia, CA) and QIAamp 96 DNA QIAcube HT Kit, following the corresponding manufacturer's provided protocol, with final elution volumes of 100 and 200 µl for nymphs and adult ticks, respectively. Each 96-well extraction plate consisted of 92 samples and four randomly distributed negative extraction control wells, with 200 µl Buffer AE (Qiagen) substituted for sample.
Real-Time Quadplex PCR
I. scapularis nymphs and adults were individually tested for B. burgdorferi, Ba. microti, A. phagocytophilum, and B. miyamotoi by novel real-time quadplex PCR assay utilizing previously described primer and probe sequences (Courtney et al. 2004 , Barbour et al. 2009 , Hojgaard et al. 2014 ; Table 1 ). BLAST searches were performed on all primer and probe sequences to ensure cross-reaction would not occur with I. scapularis DNA or with non-target organisms known to be associated with I. scapularis, beyond those species noted in previously described analyses of the respective single or duplex assays (Courtney et al. 2004 , Barbour et al. 2009 , Hojgaard et al. 2014 ). Amplify 1.2 was utilized to determine any possible primer-dimer interactions among the oligonucleotides. All fluorogenic probes and primers were synthesized by Integrated DNA Technologies (Coralville, IA) and Applied Biosystems (Foster City, CA). Reactions were prepared in a 1:1 mixture of 5x PerfeCta MultiPlex qPCR ToughMix, Low ROX, and 2x PerfeCta MultiPlex qPCR SuperMix, Low ROX (Quanta Biosciences, Gaithersburg, MD), such that each reaction contained 5 µl of ToughMix/SuperMix with primer and probe concentrations as described (Table 1) , to which 9 µl of template was added for a 25 µl final reaction volume. Each run included a negative control, with nuclease-free water substituted for template DNA, and a positive control consisting of 7.8 µl purified pathogen-free I. scapularis DNA in nuclease-free water with 0.3 µl each of the following: DNA extracted from whole blood of a Ba. microti-infected C3H/HeN mouse with 10% parasitemia (Stony Brook University, Stony Brook, NY), low-passage B. burgdorferi B31 lysate (Stony Brook University, Stony Brook, NY), previously isolated A. phagocytophilum genomic DNA (CDC, Atlanta, GA), and Borrelia hermsii DNA purified from culture (DSMZ) were included with each run. Amplification was carried out on an ABI 7500 Real-time PCR System (Applied Biosystems) using white 96-well semi-skirted plates with optically clear adhesive seal (Thermo Scientific, Waltham, MA). Thermocycling conditions consisted of initial denaturation and activation of AccuStart Taq DNA polymerase (Quanta Biosciences, Gaithersburg, MD) at 95 ○ C for 10 min, followed by 45 cycles of amplification with denaturation at 95 ○ C for 15 s and annealing at 63 ○ C for 1 min. All real-time PCR data were analyzed using the Applied Biosystems 7500 SDS software version 1.4 (Applied Biosystems). Baseline values were manually adjusted for each of the four reporter dyes, based on the evaluation of the Rn v. Cycle view of the amplification plot, with the high end of the baseline set to two cycles before the cycle at which the first noticeable increase of fluorescence occurred, and with the low end of the baseline set at cycle three for each run. Threshold values were set manually for each reporter dye, approximately half way between the beginning of the exponential phase and the start of the plateau phase of the amplification curve, and threshold cycle (Ct) values were then determined by the SDS software. Samples with a Ct value ≤40 were considered positive. PCR was repeated on any sample with a Ct value between cycles 40 and 45 and considered negative if the Ct value was >40 on replicate. All PCRs were performed in an isolated location separate from DNA extraction, in a Class 2 Biological Safety Cabinet with laminar airflow designated exclusively for PCR, using sterile aerosol-barrier tips, designated micropipettors, and strict sterile technique to prevent cross-contamination of samples. Specificity and sensitivity of this novel assay were determined by specificity panel challenge consisting of 24 microbial strains that included tick-borne pathogens and other genetically related bacteria as shown (Supp Table 1 [online only]) and serial dilutions performed as described elsewhere (Wroblewski et al. 2017 ).
Real-Time Quantitative RT-PCR
Real-time quantitative RT-PCR (qRT-PCR) protocols followed those outlined in Dupuis et al. (2013) . Briefly, pools of up to 10 ticks were stored frozen in EtOH at −80°C prior to homogenization. Pools were placed in snap-cap tubes containing a 5 mm stainless steel BB and 1.0 ml mosquito diluent (20% heat-inactivated fetal bovine serum in Dulbecco's PBS plus 50 µg/ml of penicillin/streptomycin, 50 µg/ml of gentamicin, and 2.5 µg/ml of fungizone). Ticks were homogenized using a Retsch Mixer Mill, MM 301 (Newtown, PA) and centrifugated at 16,100 × g. QIAmp Viral RNA mini-kits were used to extract RNA from 200 µl of the resultant supernatant according to manufacturer protocols. Ticks were evaluated for POWV lineage I and II by qRT-PCR targeting the NS5 region of the POWV genome. Assays were performed on ABI Prism 7000 or 7500 Sequence Detectors using TaqMan One-Step RT-PCR master mix. Probes contained 5′ fluorescent reporters and 3′ quenchers. A single primer and probe set were used to detect both POWV lineages, and a second was used for confirmation of DTV isolates. Thermocycling conditions consisted of the following: 48°C for 30 min, 95°C for 10 min, 40 cycles at 95°C for 15 s and at 60°C for 1 min.
Data Analyses
Only maximal tick counts for each transect per season were used in statistical modeling because tick density was markedly lower during repeat sampling bouts conducted outside of peak tick activity periods. Data were analyzed at the transect level, resulting in 48 total transects (12 sites × 4 transects/site) in 2015, and 64 total transects (16 sites × 4 transects/site) in 2016. Detailed site-level densities of nymphs (DON), adults (DOA), infected nymphs (DIN), and infected adults (DIA) are available in Supp Tables 2 and 3 (online only) .
ArcGIS v.10.2.2 (Environmental Systems Research Institute, Redlands, CA) was used to quantify percent forest cover surrounding each site. Field coordinates for each transect were recorded (eTrex 20, Garmin International, Olathe, KS) and used to map transect locations with their associated tick density. Percent forest cover was evaluated within buffer regions surrounding each transect. We considered three possible buffer radii (100, 400, and 1,000 m) used in similar previous studies in southeastern NY (Zolnik et al. 2015) because there is no single, established buffer at which broadscale features are typically evaluated. Each site's dominant land use was also classified as either urban or rural based on whether it was within the relatively urbanized townships of Syracuse, Geddes, and Dewitt (urban), or located in comparatively undeveloped regions of the county (rural).
Ground truthing at sampling sites revealed inaccuracies in the National Land Cover Database (NLCD) 2011 forest cover estimates initially used in analyses, particularly in urban and suburban areas. Consequently, percent forest cover was derived from the NLCD 2011 United States Forest Service (USFS) tree canopy cartographic raster layer, which better captured forest patches present within urban and suburban sites. Tree canopy raster cells (30 × 30 m cells) were reclassified into two bins based on the percentage of each cell's area represented by tree canopy: non-forest (0-20%) and forest (>20%). Reclassification and binning protocols were based on the NLCD 2011 Land Cover forest classification system (Homer et al. 2015) to retain comparability with studies using NLCD 2011 Land Cover for analyses. After reclassification, 'forest' cells occupying each buffer zone were counted using the Tabulate Area 2 tool (Spatial Analyst Supplemental Tools v.1.3, ESRI; available at: https://www.arcgis. com/home/item.html?id=3528bd72847c439f88190a137a1d0e67). Accuracy of percent forest cover data derived from the USFS raster was evaluated by manually classifying forest cover within each buffer size class at each site using orthographic imagery and ArcGIS followed by Pearson correlation tests to compare the two data sets. Manually classified forest cover within all buffer sizes was highly correlated (Pearson correlation coefficients ≥0.90) with USFS raster data. Percent forest cover estimates were used in tick density models as a broad-scale landscape variable. All layers were projected to NAD 1983-18N prior to taking measurements from remote sensed data and spatial analyses. Coordinate location and density data were also used to assess spatial autocorrelation among transects based on Moran's I calculated using the 'pgirmess' R package (Giraudoux 2016) . This identified significant spatial autocorrelation among transects within some sites for nymph and adult tick counts prior to modeling analyses, which was addressed by including site as a random factor in generalized linear mixed models (GLMMs).
Initial Poisson GLMMs indicated overdispersion in the data, so final analyses were performed using negative-binomial GLMMs (Zuur et al. 2009 ), available in the 'lme4' R package (Bates et al. 2015) , to identify relationships among landscape variables and tick density. Total area sampled was included as an offset factor in all models to account for minor variation in transect lengths. Variables of interest were evaluated for collinearity (Pearson correlation coefficients ≥0.6) and variance inflation using the 'AED' (Zuur et al. 2009 ) and 'car' (Fox and Weisberg 2011) R packages. Variables with variance inflation factors >3 were removed prior to final modeling procedures (Zuur et al. 2009 ). Dominant land use (urban vs. rural) and percent forest cover were found to be collinear, and thus redundant for the purpose of modeling tick abundance. We considered forest cover to be a less subjective quantification of dominant land cover, so it was retained and dominant land use discarded. Final negative-binomial GLMMs analyzed tick abundance as a function of percent forest cover and habitat type.
Pathogen prevalence (i.e., proportion of ticks positive for a pathogen) was analyzed as a function of tick developmental stage, year, habitat type, dominant land use, and their interactions using binomial GLMMs (Zuur et al. 2009 ). Differences in air temperature and relative humidity between years and habitat were evaluated using a two-way analysis of variance (ANOVA). Model selection based on corrected Akaike's information criterion (AIC c ) was used to identify best candidate models for GLMMs (Zuur et al. 2009 ). Models containing all non-correlated explanatory variables and all subset combinations of those variables were considered during model selection using the 'MuMIn' package (Barton 2016) . 'Top models' were defined as those with ΔAIC c values <4 from the best candidate model for each analysis (Zuur et al. 2009 ). Parameter estimates are only presented for this subset of models due to the large overall number of possible variable combinations for each analysis (Tables 2 and  3) . Global and null model outputs are also presented for comparison. Models were validated for homogeneity of variance using plots expressing model residuals as a function of fitted values for each 'top model' (Zuur et al. 2009 ), and c-hat for overdispersion. All statistical and modeling procedures were conducted in R 3.2.2 using α = 0.05 for significance tests, and AIC c for model selection.
Results
Real-Time Quadplex PCR
The real-time multiplex quadplex assay reliably amplified the intended targets for Ba. microti(18S rDNA), A. phagocytophilum (msp2), and Borrelia species (16S rDNA), with differentiation between B. burgdorferi and B. miyamotoi by species-specific probe, and identification of both singly and coinfected samples. The efficiencies of all targets were between 90 and 110% with slopes between 2.97 and −3.6, with the exception of B. burgdorferi when coinfected simultaneously with Ba. microti, A. phagocytophilum and B. miyamotoi, which produced a PCR efficiency of 83.2%. The analytical sensitivity for each target was determined to be 10, 8, 6, and 3 gene copies for Ba. microti, B. burgdorferi, B. miyamotoi, and A. phagocytophilum, respectively. As noted by Barbour et al. (2009) , results of BLAST analysis indicated the Borrelia primer-probe sets used in our assay would detect a number of B. burgdorferi sensu lato and relapsing fever (RF) group Borrelia species, in addition to B. burgdorferi sensu stricto and B. miyamotoi. Beyond the B31 strain included in our specificity panel, the B. burgdorferi primers-probe would bind to Borrelia afzelii, Borrelia bissettii, Borrelia garinii, Borrelia japonica, Borrelia mayonii, Borrelia spielmanii, and Borrelia valaisiana. The assay would also likely detect Borrelia kurtenbachii, though sequence data are not available on NCBI; however, it is known to be genetically similar to B. bissettii (Margos et al. 2010 ). The B. miyamotoi probe would detect Borrelia anserina and Borrelia turicatae, in addition to B. hermsii and both B. miyamotoi strains included in our panel (HT-31 and US Strain). BLAST analysis also indicated that A. phagocytophilum and Ba. microti primer-probe sets included in this assay would not likely detect non-target microbes associated with I. scapularis. No cross-reactivity was observed within target pathogen species, and 16 other related bacterial isolates tested in our panel were negative. With the exception of B. kurtenbachii, which has been found in a small percentage of ticks from the northeastern United States (Margos et al. 2010) , the other Borrelia species detected by this assay are found in other regions of the world or are associated with other tick species and would not likely be found in host-seeking I. scapularis from central NY.
Tick Density
A total of 1,034 I. scapularis were collected in 2015 (490 nymphs, 544 adults) and 2,093 (517 nymphs, 1,576 adults) in 2016. Nominal quantities (<1% of total collections per season) of Ixodes dentatus Marx (Acari: Ixodidae), Ixodes cookei Packard (Acari: Ixodidae), Ixodes marxi Banks (Acari: Ixodidae), and Dermacentor variabilis Say (Acari: Ixodidae) were also collected. Site-level DON ranged from 6.1 to 49.3 nymphs/km 2 (mean = 20.9 ± 3.8 [SE]) in 2015 and 0 to 72.9 (23.8 ± 5.6) nymphs/km 2 in 2016 (Supp Table 1 [online only]). Site-level DOA ranged from 1.9 to 59.6 adults/km 2 (32.8 ± 5.5) in 2015 and 2.9 to 345.9 adults/km 2 (85.3 ± 22.8) in 2016 (Supp Table 2 [online only]).
In terms of small-scale landscape features, DON (nymphs/km 2 ) was significantly greater in wooded habitat (33.1 ± 6.0) than in edge habitat (17.4 ± 4.4) (Table 2; Fig. 2 ) in both years. Habitat type was the best predictor of nymph density and was included in all top models. Percent forest cover was a poor predictor of nymph density and was only included in top models when calculated at the medium spatial level (400 m) in each year. Percent forest cover calculated at small (100 m) and large (1,000 m) spatial extent did not substantially improve habitat type-only models in either year. Even at the medium spatial extent, much of the variability was explained by habitat type, given that a model of habitat type alone was nearly comparable to a model containing habitat type and percent forest cover.
In terms of small-scale features, DOA was significantly greater in edge habitat (112.0 ± 29.0 adults/km 2 ) compared to wooded habitat (41.0 ± 15.7) in both years (Table 3 ; Fig. 2 ). Habitat type was the best predictor of adult density and was included in all top models. In terms of broad-scale features, percent forest cover calculated at any of the three spatial extents was a poor predictor of adult density and did not appear in top models in either year.
Pathogen Prevalence
Of the 3,127 I. scapularis collected (1,007 nymphs, 2,120 adults), 803 nymphs and 1,145 adults were individually tested by real-time PCR quadplex assay. An additional 298 nymphs (98 pools) and 1,063 adult ticks (129 pools) were screened for DTV by RT-PCR. Average Ct values for samples testing positive by real-time PCR quadplex assay were 33.00 ± 2.38, 27.00 ± 4.00, and 31.00 ± 3.65 Overall, county-wide B. burgdorferi prevalence was 15.8% (127/803) and 47.1% (539/1,145) in nymphs and adults, respectively. Site-level B. burgdorferi prevalence ranged from 0.0 to 31.4% in nymphs (12.6 ± 1.8%) and 0.0 to 79.2% in adults (43.0 ± 3.28%). Binomial GLMM model selection demonstrated that B. burgdorferi prevalence was best modeled by developmental stage, year, habitat type, and a developmental stage by year interaction (Table 4 ). All factors in the best model were statistically significant except habitat type, and this model was only marginally better than the same model without habitat type. This suggests developmental stage and year were the most important determinants of B. burgdorferi prevalence, while habitat type and dominant land use appear to play a limited role in the distribution of B. burgdorferi-infected ticks (Figs. 3  and 4) .
County-wide A. phagocytophilum prevalence was 2.5% (20/803) and 1.5% (17/1,145) in nymphs and adults, respectively. A. phagocytophilum prevalence ranged from 0.0 to 12.0% in nymphs (1.4 ± 0.6%) and from 0.0 to 6.0% in adults (1.3 ± 0.3%), among sites and between years ( Figs. 3 and 4 ). There were insufficient data to fit unbiased binomial GLMMs due to low abundance of A. phagocytophilum-positive ticks (38/1,948). However, an effect of dominant land use was still apparent with a majority, ~95% (36/38), of A. phagocytophilum-positive ticks collected in urban sites, while ~5% (2/38) were collected in rural environments ( Fig. 4) . No obvious patterns among habitat types, years, and developmental stages were present. County-wide B. miyamotoi prevalence was 0.2% (2/803) and 1.0% (10/1,145) in nymphs and adults, respectively. There were also insufficient data to fit unbiased binomial GLMMs due to low abundance of B. miyamotoi-positive ticks (12/1,948), but a similar pattern to that observed for A. phagocytophilum was present with ~83% (10/12) of B. miyamotoi-positive ticks collected in urban sites, while 17% (2/12) were collected in rural environments (Fig. 4 ). There were no obvious patterns among habitat types, years, and developmental stages. No ticks were positive for Ba. microti or DTV.
Coinfection was a rare occurrence across all sites and pathogens, but more commonly observed in adults. One nymph in 2015 was coinfected with B. burgdorferi and A. phagocytophilum, and one adult in 2015 was coinfected with B. burgdorferi and B. miyamotoi. No nymphs collected in 2016 were coinfected, but adult coinfection was greater than that in 2015, with five positives for B. burgdorferi and A. phagocytophilum and three positive for B. burgdorferi and B. miyamotoi.
Ambient Conditions
Two-way ANOVAs comparing air temperature and relative humidity between years and habitats indicated that summer (nymph) sampling occasions in 2016 were significantly warmer than in 2015 (F = 18.7; df = 1,108; P < 0.01), and that air temperatures along edge transects were significantly warmer than along wooded transects (F = 5.88; df = 1,108; P = 0.017). Relative humidity during summer sampling was significantly higher in 2015 than in 2016 (F = 141.4; df = 1,108; P < 0.01), but there was no significant difference in relative humidity between habitats (F = 0.009; df = 1,108; P = 0.93). ANOVA comparisons of the same variables during fall (adult) sampling seasons indicated that neither air temperatures nor relative humidity were significantly different between years (temperature: F = 1.44; df = 1,108; P = 0.23; relative humidity: F = 1.30; df = 1,108; P = 0.26) and habitats (temperature: F = 2.95; df = 1,108; P = 0.09; relative humidity: F = 0.06; df = 1,108; P = 0.26). 
Discussion
Our study is the first in Central NY, and among only a few studies conducted in LD-emergent regions of NY (excluding New York City; Oliver et al. 2006; Khatchikian et al. 2012 Khatchikian et al. , 2015 , to investigate relationships among landscape variables, tick density, and pathogen prevalence. Our findings indicate that habitat type is an important determinant of local tick distribution and density, and consequently, human exposure risk, while percent forest cover was a poor predictor of tick density. Host habitat selection may better explain small-scale variation in tick density, while poor predictive capability of percent forest cover indicates the amount of forest present was less important, or not low enough in the study area, to sufficiently limit host and tick occupancy. More complex landscape metrics may better explain broad-scale patterns of tick density and distribution. Higher DON in wooded areas observed in this study is consistent with early ecological research in southeastern NY (Maupin et al. 1991 , Frank et al. 1998 , Finch et al. 2014 , while higher DOA along forest edges in comparison to woodland interiors contradicts previous findings (Maupin et al. 1991) . While temperature and relative humidity are known to be important factors influencing tick survival and questing activity Smith 1998, 2002) , our analyses of these microclimatic variables yielded inconsistent results, indicating that they alone are not sufficient to explain differences in the observed tick densities. It is also unlikely that observed tick distributions represent habitat selection by I. scapularis, as it is a poor disperser when offhost Fish 1991, Carroll and Schmidtmann 1996) . Habitat selection by important I. scapularis host species and differences in tick density between emergent and endemic locations provide more likely mechanisms for the observed variation.
Disproportionate habitat use by key host species could explain patterns of nymph and adult densities. Mammalian host species utilize forest interior as protective cover for foraging and resting, which can lead to an uneven amount of time spent within wooded habitat. For example, white-tailed deer beds are frequently located within woodlots (Mysterud and Ostbye 1999) and are positively associated with canopy cover (Armstrong et al. 1983 ). Adult detachment from these hosts and subsequent egg deposition in woodlands would lead to greater larval densities on the forest floor. Likewise, small mammal hosts important to immature tick feeding exhibit differential habitat use that may influence redistribution of larvae and nymphs in the environment.
Edge habitat is often utilized for foraging and refugia by small mammalian species. For example, white-footed mice select for habitat with dense ground cover (M'Closkey and Lajoie 1975) and structurally complex understory vegetation characteristic of edge habitat (Kaufman et al. 1983 , Seagle 1985 , Seamon and Adler 1996 . Other studies have corroborated these observations, reporting higher mouse density in edges compared to interior forest and adjacent habitat (Cummings and Vessey 1994 , Krohne and Hoch 1999 , Anderson et al. 2003 . Additionally, Wilder and Meikle (2006) found white-footed mouse use of edge habitat varies seasonally with mouse abundance being greater in forest interiors in winter and spring followed by a population shift to edges in summer and autumn. A similar shift has been observed in eastern chipmunks (Tamias striatus Linnaeus, Rodentia: Sciuridae) (Forsyth and Smith 1973) , another common host of I. scapularis nymphs (Brunner and Ostfeld 2008 ). These shifts coincide with peak nymph and larval activity, so that larvae and nymphs parasitizing small mammals may be disproportionately distributed in habitats favored by their hosts.
Little is known about I. scapularis invasion ecology in central NY, and it is possible that habitat associations are more evident in emergent regions than in endemic environments saturated with high tick densities. Disagreement between our observations and those of previous studies in hyperendemic, southeastern regions of NY could also be attributable to recent invasion effects caused by lower overall I. scapularis densities in central NY. A contemporary study of tick populations reported that DON ranged from 31 to 140 (80.2 ± 11.0 nymphs/km 2 ) in wooded habitat in southeastern NY (Zolnik et al. 2015) . These densities are higher than DON estimates observed in wooded habitat in Onondaga County (33.1 ± 6.0 nymphs/km 2 ).
Range expansion can influence behavioral and environmental associations along expansion fronts for other invasive organisms (Thomas et al. 2001 , Vittecoq et al. 2012 and could be causing exaggerated habitat relationships in regions with growing tick populations. It is possible that small-scale associations in emergent regions will become diluted as tick density increases, and consequently, patterns observed in the present study may change over time.
Analysis of percent forest cover indicated it was a poor predictor of tick density in our study area. This suggests that DON and DOA are similar in both heavily forested rural sites and relatively less forested urban sites. Nymph density was inversely related to percent forest cover at the 400 m spatial level, but the shallow negative slope from our model predictions suggests this was a weak relationship. Percent forest cover calculated at other spatial scales was clearly not predictive of tick density. A previous study investigating effects of percent impervious surface on tick populations yielded similarly non-significant results (Zolnik et al. 2015) .
Percent forest cover's lack of influence on tick density could indicate a threshold forest cover requirement beyond which tick density variation is relatively homogenous at broader scales (Ogden et al. 2008) . It is possible that percent forest cover within our urban study sites was not low enough to sufficiently limit movement of hosts important to tick dispersal (e.g., white-tailed deer, birds) allowing homogenization of tick densities among urban and suburban sites, and potentially causing the lack of significant differences across the range of forest cover values investigated. Observationally, site B was likely the only urban site sufficiently isolated from other urban forest stands capable of providing the necessary cover for deer occupancy, which may explain consistently low densities of ticks at that site. Further study of smaller, and less connected, forest patches may help determine if a threshold exists beyond which ticks and their hosts cannot persist, and how that may be used to limit human infection risk in urban and suburban environments.
Our quantification of percent forest cover considers only a compositional forest component of the landscape. Interactions between larger (e.g., deer) or more mobile (e.g., birds) host species and the landscape may depend on more complex landscape metrics. Forest configuration and connectivity, for example, are important in the ability of host species to occupy patches and disperse to others in fragmented landscapes typical of urban and suburban settings (Fahrig and Merriam 1985 , Taylor et al. 1993 , Flather and Bevers 2002 , King and With 2002 , which in turn has consequences for distribution of associated parasites. Future studies investigating host species composition and the degree of isolation of urban and suburban forest patches from contiguous wooded habitat in the Central NY region are warranted and may help elucidate broad-scale landscape controls on this system.
Real-Time Quadplex PCR
Our novel real-time quadplex assay is subject to the same limitations as the Borrelia duplex assay on which it was based (Barbour et al. 2009 ), in that the B. burgdorferi probe would anneal to a number of other B. burgdorferi sensu lato species, and the B. miyamotoi probe would detect a number of RF Borrelia species. With the exception of B. mayonii, which has thus far only been detected in I. scapularis from the upper Midwestern United States, and B. kurtenbachii and B. bissettii, which have very rarely been detected in host-seeking ticks from the northeastern United States (Barbour et al. 2009 , Margos et al. 2010 , the other Borrelia genospecies detected by our assay are not known to associated with I. scapularis populations in the northeastern United States. Given these findings and circumstances, we conclude that only B. burgdorferi and B. miyamotoi were to be expected in host-seeking I. scapularis from Onondaga County, NY.
Pathogen Prevalence
While NYSDOH personnel maintain 1-2 permanent surveillance sites in Onondaga County, data from the 16 sites investigated in the present study provide a greater understanding of tick-borne pathogen prevalence in the region than routine surveillance alone. B. burgdorferi prevalence at 12.6% in nymphs and 43.0% in adult ticks was higher than anticipated, considering Onondaga County a relatively low-risk area for LD. B. burgdorferi prevalence varied significantly between developmental stages and between years, but neither habitat nor dominant land use significantly influenced patterns of prevalence within or among sites. In contrast, A. phagocytophilum and B. miyamotoi prevalence, though low, were more frequently detected in ticks collected in urban sites. A lack of ticks positive for Ba. microti and DTV indicates that these pathogens are uncommon in Onondaga County.
The true 'leading edge' of increasing tick-borne disease associated with pathogens carried by I. scapularis is currently thought to lie somewhere within the 150-km interval between Rochester and Syracuse, NY (P. B. Backenson, personal communication). While Onondaga County certainly lies near this leading edge, B. burgdorferi prevalence values found here were surprisingly similar to, if not greater than, those documented in eastern and southeastern NY counties (e.g., Dutchess, Westchester) with long histories of endemicity. Previous research in endemic counties of NY document overall pathogen prevalence at 14.4, 6.5, and 2.7% for B. burgdorferi, A. phagocytophilum, and Ba. microti, respectively, in nymphs, and 45.7, 12.3, and 2.5% in adults between 2003 (Prusinski et al. 2014 . While A. phagocytophilum, Ba. microti, B. miyamotoi, and DTV prevalence estimates in both nymphs and adults were low in Onondaga County, B. burgdorferi prevalence in both nymphs and adults from the present study exceeded these historical estimates in eastern and southeastern NY.
Similar B. burgdorferi prevalence in ticks collected from wooded and edge habitat suggests widespread use of both habitats by competent reservoir species. This is not surprising, considering the abundance and diversity of competent reservoirs (Keesing et al. 2012 , Hersh et al. 2014 . Coupled with observed habitat-specific tick densities, these results suggest that human infection risk in each habitat varies seasonally. Contact with leaf litter and other detritus in woodland interiors poses a higher infection risk than contact with tall grasses and shrubby vegetation characteristic of forest edges during summer. The opposite is true in fall, with a greater infection risk along forest edges than in woodland interiors. These relationships are consistent with previous studies on habitat distribution and infection rates of I. scapularis (Ginsberg and Ewing 1989) in southeastern NY and its western relative, the western blacklegged tick (Ixodes pacificus Cooley & Kohls [Acari: Ixodidae]), in California (Eisen et al. 2004) .
Our study was limited in that effects of percent forest cover on pathogen prevalence could not be considered because ticks from transects of the same habitat type within a site were grouped into a single vial for transport to NYSDOH labs. It was, therefore, impossible to determine which ticks belonged to which specific transect within a particular site, and thus transect-specific percent forest cover data could not be extracted for pathogen analyses. While collinearity between percent forest cover and dominant land use suggests our results would be the same, we would have preferred the use of percent forest cover as a less subjectively derived explanatory variable.
While overall A. phagocytophilum and B. miyamotoi prevalence was low and unsuitable for statistical assessment, urban sites yielded more ticks positive for these pathogens in comparison to rural sites. Both pathogens share some reservoir hosts with B. burgdorferi, but A. phagocytophilum can also utilize a variety of medium-sized mammals frequently observed in urban and suburban environments (e.g., raccoon Procyon lotor Linnaeus [Carnivora: Procyonidae], Didelphis virginiana Kerr [Didelphimorphia: Didelphidae] opossum, Mephitis mephitis Schreber [Carnivora: Mephitidae] skunk; Levin et al. 2002) , as well as white-tailed deer (Tate et al. 2005 , Reichard et al. 2009 ), which are both common hosts for I. scapularis and at high densities in many of our urban sites (Underwood and Kilheffer 2016) . Other synanthropic reservoir species, such as white-footed mice and American robins, experience similarly higher densities in urban versus rural environments (Beissinger and Osborne 1982; Swihart 1998, 2000; Chace and Walsh 2006) . Smaller forest stands in urban areas could increase tick host acquisition success, and thus pathogen acquisition, because ticks and their wildlife hosts are forced to share smaller areas of forested habitat compared to larger rural stands (Ogden et al. 2008) .
Common operation of bird feeders in suburban neighborhoods may also contribute to artificially elevated reservoir species abundance and has been documented contributing to increased domestic entomological risk (Kowalczyk and Smith 2008) and LD incidence (Orloski et al. 1998) . Additional reservoir competency studies for B. miyamotoi are needed as its wildlife reservoirs are still poorly defined (Krause et al. 2015) , but similar patterns may exist. The combination of these factors could act to amplify tick survival and development and sylvatic pathogen cycling in urban and suburban environments. Subsequent host and tick movement between suburban and rural areas could contribute to tick and pathogen geographical range expansion. In this way, urban and suburban areas may represent a sort of oasis for ticks and tickborne pathogens from which they may then disperse to and colonize other areas.
While small-scale habitat type was not a significant factor for B. burgdorferi prevalence, our results indicate that tick exposure risk varies seasonally in different habitats. Precautions should always be taken when working or recreating in tick habitat, but human behavior and management efforts should reflect these important seasonal considerations. The lack of importance of forest cover on tick densities suggests that both small and large forest stands are capable of maintaining tick populations. Greater A. phagocytophilum and B. miyamotoi prevalence in urban environments indicate that concentrated populations of key reservoir species may increase pathogen prevalence for even uncommon pathogens in an area. Tailoring management efforts and outreach education to areas representing the greatest health risk in emergent regions may aid in LD prevention and deceleration of tick and tick-borne pathogen movement across the landscape. Research in inland Lyme-emergent regions has the potential to identify unique ecological characteristics of tick and tick-borne pathogens along invasion fronts and is worth pursuing in future tick and tick-borne pathogen research.
